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In the case of development and utilization of bio-oils, a quantitative chemical  characterization 
is necessary to evaluate its actual desired characteristics for downstream production. This 
paper describes an analytical approach for the determination of families of lightweight 
chemicals from bio-oils by using GC-MS techniques. And on this basis, new explorations 
in the field of influence factors, such as feedstocks, pyrolysis temperatures, and low-tem-
perature pretreatment, on the composition and products yields of bio-oil were further 
investigated. Up to 40% (wt.%) of the bio-oil is successfully quantified by the current 
method. Chemical functionalities in the bio-oil correlate strongly with the original feedstocks 
because of their different chemical compositions and structure. Pyrolysis temperature 
plays a vital role in the yields of value-added compounds, both overall and individually. 
Higher temperature favored the generation of small aldehydes and acids, accompanied 
by a reduction of phenols. The optimal temperatures for maximum furans and ketones 
yields were 520 and 550°C, respectively. The low-temperature pretreatment of biomass 
has a good enrichment for the lightweight components of the bio-oils. In this case, much 
higher amounts of compounds, such as furans, ketones, and phenols were produced. 
Such a determination would contribute greatly to a deeper understanding of the chemical 
efficiency of the pyrolysis reaction and how the bio-oils could be more properly utilized.
Keywords: pyrolysis, bio-oil, characterization, quantification, gc-Ms
introduction
Among the biomass thermochemical conversion processes and technologies, pyrolysis is a 
 particularly promising route to produce liquid fuels and value-added chemicals from solid biomass 
feedstock and is now widely studied (Bridgwater et al., 1999; Dinesh et al., 2006). The resulting 
“pyrolysis oil” or “bio-oil” can be obtained with yields up to 70–80 wt.% (dry feed basis) depending 
on the relative amount of cellulose and lignin in the wood material. As bio-oil is significantly denser 
than its parent biomass, it can be more economically and efficiently transported to a centralized 
location to be used as a feedstock for further processing, such as by gasification or Fischer–Tropsch 
synthesis, etc. to produce transportation fuels (Demirbas, 2009a,b; Lu et al., 2009).
Bio-oils are composed of differently sized molecules derived primarily from the depolymerization 
and fragmentation reactions of three key biomass building blocks, i.e., cellulose, hemicellulose, and 
lignin, resulting in its composition and properties of considerable difference from those of petroleum-
based fuel oils (Yang et al., 2007). The physical properties of bio-oils are well-described in the literature 
(Dobele et al., 2007; Abdelnur et al., 2013). Despite its dark brown viscous appearance, elemental 
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analysis of bio-oil reveals that it contains relatively little sulfur and 
nitrogen, but has a high oxygen content, typically near 40 wt.% and 
as high as 50 wt.% including water. Bio-oils are highly oxygenated, 
complex mixtures, viscous, relatively unstable, and susceptible to 
aging. The lower heating value (LHV) of bio-oils is only 40–45% 
of that exhibited by hydrocarbon fuels. The high water content 
and the low LHV are detrimental for ignition. Moreover, organic 
acids in the bio-oils are highly corrosive to common construction 
materials. These inherent drawbacks make it hardly available to fuel 
application directly (Helena and Ralph, 2001; Mckendry, 2002).
Another point of view (Jean et al., 2001) is that industrial pro-
duction of bio-oil should focus in the short term on its utilization 
for the manufacture of higher value chemicals and/or materials 
other than fuels. Recent detailed analyses have shown that pyrolysis 
bio-oils contain more than 400 compounds. And these chemical 
functionalities in the bio-oil correlate strongly with the feed com-
position and the pyrolysis processing conditions. Even though it 
remains a challenge to identify every compound in a bio-oil sample, 
a large number of previous studies have been consistent with the 
qualitative analysis of the bio-oils. From a chemical point of view, 
bio-oil is an extremely complex mixture of organic components, 
including various types of oxygen-containing organic compounds 
derived from biomass components of cellulose, hemicellulose, and 
lignin pyrolysis, such as organic acids, esters, alcohols, aldehydes, 
ketones, furans, phenols, and dehydrated carbohydrates (Serdar, 
2004; Demirbas, 2009a,b).
Because of the complexity, some simplified analytical methods 
were used to characterize bio-oil. Chemical characterization of 
pyrolysis oils has generally been based on the fractionation of 
the oils into different classes of chemical functionality by using 
solvent extraction, adsorption chromatography, molecular distil-
lation, etc. and then the different fractions obtained were further 
characterized using more than one analytical techniques, such as 
GC-MS, HPLC, thermogravimetric techniques, gel permeation 
chromatography (GPC), etc. with focusing on its different chemi-
cal information (Kai et al., 1998; Chiaberge et al., 2014; Lindfors 
et al., 2014). According to Meier (1999), typical portions of the 
important fractions in bio-oils are: around 20 wt.% water, around 
40 wt.% GC-detectable compounds, around 15 wt.% non-volatile 
HPLC detectable compounds, and around 15 wt.% high molar 
mass non-detectable compounds. Garcia et al. (2007) described 
an analytical approach to identify the chemical composition of 
bio-oils in terms of macro-chemical families. The bio-oils were first 
fractionated using different polar organic solvents, and then the 
fractions were analyzed by GPC, GC-MS, and elemental analyzer. 
A thorough description of bio-oil composition as a mixture of 
water, monolignols, polar compounds with moderate volatility, 
sugars, extractive-derived compounds, heavy polar and non-polar 
compounds, MeOH–toluene insolubles, and volatile organic were 
obtained. Guo et al. (2010) separated bio-oil into three fractions by 
molecular distillation, i.e., a light fraction, a middle fraction, and 
a heavy fraction. The chemical composition of the three fractions 
and the crude bio-oil was analyzed by GC–MS, and the pyrolysis 
characteristics were measured by a thermogravimetric analyzer 
coupled with Fourier transform infrared spectroscopy (TG–FTIR). 
Different physical and chemical characteristics were noted and 
illustrated among the three fractions. By using nuclear magnetic 
resonance spectroscopy (NMR), including 1H, 13C, and DEPT 
spectra, Charles et al. (2009) characterized and compared fast-
pyrolysis bio-oils from six different feedstocks. NMR spectroscopy 
provides important information not only of the kinds of chemicals 
in bio-oils but also of their relative concentrations, especially for 
the highly substituted aromatic groups that were not detected by 
other means.
Although a lot of progress has been made in the field of bio-oil 
fractionation and the subsequent analysis, most of these studies 
narrowed their interest to qualitative analysis. Quantitative 
chemical characterization of bio-oils has always been a challenging 
undertaking, and the literature on this issue is very scarce apart 
from a few chemical species were examined and reported. Branca 
et al. (2003) quantified 40 compounds of bio-oils from low-tem-
perature pyrolysis of wood by the internal standard method, using 
fluoranthene as internal standard. And the yields of a significant 
number of compounds on dependence of the reaction temperature 
and heating rate were also provided. The major compositions of 
the pyrolysis liquids were considered from acetic acid, hydroxy-
propanone, hydroxyacetaldehyde, levoglucosan, formic acid, 
syringol, and 2-furaldehyde. de Wild et al. (2009) analyzed most 
of lightweight organic species that were representative for typical 
thermal degradation products from lignocellulosic biomass with 
GC-MS. The weight of those unknown components was estimated 
by a semi-quantitative calibration using the GC-data of the internal 
standards with the nearest retention time on the GC column. The 
results show that the yields of individual chemicals are generally 
below 1 wt.% (based on dry feedstock weight), and only certain 
groups of thermal degradation products like C2–C4 oxygenates and 
phenols are formed in higher yields up to 3 wt.%. By employing a 
series of improved analytical methods, the International Energy 
Agency-European Union (IEA-EU) round robin test was carried 
out in 12 laboratories with focus on comparing the accuracy of 
methods to provide instructions for handling and analysis of bio-
oils (Meier, 1999; Oasmaa and Meier, 2005). The results showed that 
even though the repeatability of the physical analyses was good; 
there were very large quantitative differences between different 
laboratories for chemical characterization. Relevant researchers 
thus suggested that proper standard solutions with known amounts 
of compounds have to be used for quantitative analyses, and a lot 
of experimental work and methods adjustment should be needed 
to achieve accurate and consistent results between laboratories.
Based on the above literature review of the research and 
development advances in studies on pyrolysis liquids, it can be 
concluded that the present state of knowledge has been focused 
solely on the fractionation, qualitative characterization, and 
even quantification was limited to a few species for the optimal 
conditions of fast pyrolysis (corresponding to maximum yields 
of bio-oils). However, in the current state of art, an accurate and 
relatively fast method is urgently needed for a quantitative analyses 
of the most valuable components of bio-oils. By this method, it 
may help us to evaluate and determine what kind of bio-oil has 
particular desired characteristics for downstream production of 
fuels or chemicals.
The experimental investigations in our present work are 
therefore set to serve two main purposes: (a) to develop an effec-
tive quantitative analysis method for lightweight components of 
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bio-oils by using GC-MS techniques. Thus, yields up to 40 wt.% 
of the bio-oils can be quantified, and this part usually contains 
the highest commercial value either used as fuel or chemicals and 
(b) to determine the yields of a significant number of compounds 
on dependence of the feedstocks, pyrolysis temperatures, and 
especially staged pyrolysis conditions, in the view of providing 
evaluation criteria for the selection of the most appropriate feed-
stocks and pyrolysis conditions to produce the desired composition 
and yields of the products.
Materials and Methods
Materials
Four kinds of biomass feedstocks, i.e., bagasse, corncob, spruce, 
and pine, were selected as pyrolysis materials. The bagasse was 
collected from a sugar cane plant located in Jiangmen, China. 
The corncob was obtained from a farm in Changzhi, China. The 
spruce and pine wood used in this study were purchased from 
a local sawing mill in Guangzhou, China. All four feedstocks 
were first air dried and grounded, and then were sieved to a 
mean particle size of 0.180–0.425 mm. Ultimate analysis of the 
samples was determined by using an elemental analyzer (Vario 
EL, ELEMENTAR, Germany). For proximate analysis, the ash 
content and volatile content were determined based on Chinese 
National Standards GB/T 2677.3-1993 and GB/T 212-2001, while 
fixed carbon was calculated by difference. The acid insoluble lignin 
(klason lignin) and acid soluble lignin were determined based 
on GB/T2677.8-1994 and GB/T10337-2008, respectively. The 
extractives (benzene/ethanol 2:1, v/v), hemicellulose and cellulose 
content were analyzed according to GB/T10741-2008 and methods 
in reference (Shi and He, 2003). The results were shown in Table 1. 
All these samples were dried at 105°C for 8 h in an oven to about 
6% moisture content before the pyrolysis experiment.
Preparation of Bio-Oils
Bio-Oils from Direct Pyrolysis
Direct fast pyrolysis of biomass was carried out in a self-
designed fluidized-bed reactor in Guangzhou Institute of 
Energy Conversion. The schematic drawing of the fluidized-bed 
reactor was previously reported (Chang et  al., 2011; Zheng 
et al., 2012). Briefly, the reactor uses nitrogen as the carrier gas, 
quartz sand as bed material, a screw feeder for feeding biomass, 
and a thermocouple for testing the reaction temperature that 
is heated by electricity. All the reaction system was online 
controlled by a computer. After reaction, the pyrolysis vapors 
were purged by nitrogen through a two-stage gas-solid cyclone 
separator to remove ashes and solid particles, then the vapors 
were condensed in a tubular heat exchanger, in which most of 
the light components were condensed and collected (Liquid 1) 
while the remaining volatiles were further isolated by a two-stage 
gas–liquid cyclone separator to obtain the Liquid 2. The mixed 
gases were further subjected to an absorption device, in order 
to ensure complete absorption of the liquid components and to 
purify the pyrolysis gases. Liquid 1 and Liquid 2 were combined 
and designated as bio-oil for further analysis. All pipes before 
tubular heat exchanger as well as the gas–solid cyclone separator 
were insulated by using heating tape to avoid the pre-condensing 
of the pyrolysis vapors.
After a number of preliminary experiments, the following opti-
mum pyrolysis parameters were used: the feed rate was 10 kg h−1, 
the nitrogen flow was 11 m3 h−1, the particle size of quartz sand 
was 60–80 meshes, and its density was 2.6 g cm−3 with the bed 
height of 12 cm. The direct pyrolysis was performed at 480, 500, 
520, 550, and 580°C, respectively, to explore the effect of pyrolysis 
temperature on the composition of bio-oils.
Bio-Oils from Staged Pyrolysis
Bio-oils, obtained by conventional rapid pyrolysis, are usually 
multicomponent mixtures of carbohydrate and lignin thermal 
decomposition products with low pH, high viscosity, and high 
water content, which limit its large-scale application as fuel. Based 
on different thermal stabilities of the main biomass constituents, 
staged pyrolysis, a new pyrolysis-based conversion route, was 
designed and applied to improve the quality of bio-oils and to 
generate more value-added chemicals from biomass. In the present 
work, staged pyrolysis experiments were first conducted with 
pine in an auger reactor at the temperature range of 260–320°C, 
and then the solid residues obtained were further pyrolyzed in 
a fluidized-bed reactor (10 kg h−1) at moderate temperature of 
520°C. As the chemical composition and pyrolysis behavior of the 
resulting torrefied biomass (torrefaction treatment in the range of 
260–320°C) were examined in detail in the previous work (Chang 
et al., 2012), what we now focus on is the impact of low-temperature 
pretreatment on changes of the composition of bio-oils as well as 
the enrichment effect on high value-added chemicals.
Low-temperature pyrolysis of pine was conducted in a stainless 
steel auger (screw) reactor, which mainly consists of a feed bunker 
(capacity of 6 kg), an electrically heated (3.2 kW) auger pyrolysis 
reactor, a collection bin, a temperature control unit, and a cooling 
system. The torrefaction temperatures were performed at 260, 280, 
TaBle 1 | Ultimate, proximate, and chemical composition analysis of four biomasses.
sample Ultimate analysis (wdaf%) Proximate analysis (wad%) component analysis (wad%)
c h Oa n s Volatiles Fixed carbon ash hemicellulose cellulose ligninb extractives
Bagasse 47.74 5.60 46.52 0.08 0.06 85.96 11.36 2.68 27.98 45.92 20.72 3.73
Corncob 47.23 5.95 46.34 0.47 0.01 80.98 15.87 3.15 31.60 37.63 20.77 8.10
Spruce 49.11 6.14 44.62 0.08 0.05 83.77 16.02 0.21 13.28 47.15 36.03 1.87
Pine 49.18 5.83 44.95 0.02 0.02 86.10 12.60 1.30 21.66 46.97 27.65 2.70
daf, dry and ash-free basis; ad, air dry basis. 
aCalculated by difference.
bTotal of acid insoluble lignin and acid soluble lignin.
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300, and 320°C, respectively. When the reactor reached the set 
temperature, the samples were transported down the length of 
the reactor tube [600 mm (L) × 100 mm (I.D.)] at a fixed speed 
(2 kg h−1) by means of a screw to maintain the residence time of 
the sample in the reactor pipe for 10 min. During the process, a 
nitrogen gas flow of 7 L min-1 was used as a carrier gas to eliminate 
the presence of oxygen and remove the volatiles out of the reactor. 
The torrefied samples were then collected in the collection bin 
and were used as feedstock for the second stage pyrolysis in a 
fluidized-bed reactor.
The second stage pyrolysis temperature was 520°C, at which 
the pine got the maximum bio-oil yield. The other operation 
parameters were consistent with that of the direct pyrolysis. Each 
experiment was repeated three times under the same conditions 
to confirm the reproducibility of each test and to obtain accurate 
results.
analytical Methods
Qualitative Analysis
Qualitative analysis of bio-oils was conducted using a gas chro-
matography–mass spectrometer (GC–MS, 7890A-5975C, Agilent 
Technology, USA). About 200 mg bio-oils were dissolved in 5 mL 
of acetone. Before injection, diluted samples were first dehydrated 
with 1 g anhydrous sodium sulfate in a beaker, and then filtered 
through a 0.22  μm syringe-driven filter. The chromatographic 
separation was performed using a HP-INNO Wax capillary col-
umn (30 m × 0.25 mm × 0.25 μm). Helium (99.9995%) was used as 
carrier gas at a flow rate of 1 mL min−1. The injector (7683B ALS) 
and the GC–MS interface were kept at a constant temperature of 
250°C. A sample volume of 1 μL was injected in the split mode 
with a split ratio of 20:1. The GC oven temperature ramps for the 
work were as follows: begin heating at 50°C that was first held for 
2 min, and then raised to 90°C at a rate of 10°C/min, and after 
raised to 120°C at a rate of 4°C/min, and then raised to 230°C at 
a rate of 8°C/min, and this final temperature was held for 10 min.
The mass selective detector was operated in electron impact 
(EI) ionization mode. MS source and MS quadrupole temperatures 
were kept at 230 and 150°C, respectively. EI ionization energy was 
70 eV and an m/z range from 33 to 500 was scanned. Solvent cut 
time of 2.8 min was used to avoid solvent influence. The identifica-
tion of the peaks was based on computer matching of the mass 
spectra with the NIST 08 MS library and/or on the retention times 
of known species injected in the chromatographic column.
Quantitative Analysis
From the results of the qualitative analysis, the major compositions 
that displaying a relatively high content (based on the area%) in 
the bio-oils were identified. The standard compounds of these 
major compositions (19 compounds) were purchased from Sigma-
Aldrich and directly used for qualitative or quantitative analysis.
These major 19 compounds of bio-oil were quantified by the 
external standard method. For each of the quantified compounds, 
calibration curves were prepared by injection of five standard 
solutions (40, 200, 400, 1000, and 2000 μg mL−1). For quantita-
tive analysis of the other bio-oil compositions, several typical 
compounds, i.e., 1-hydroxy-2-propanone, acetic acid, furfural, and 
2-methoxy-phenol were further employed as internal standards 
for quantifying ketones, acids, furans, and phenols compounds 
of bio-oils, respectively. The GC test parameters were the same 
as the above qualitative analysis. Injections of each standard or 
bio-oil samples were made at least in triplicate until acceptable 
peak reproducibility was achieved by overlapping and comparison 
of TIC. The product yield was then expressed as the mean of 
three replications ± SD for each sample are shown in Tables in 
Supplementary Material.
Evaluation by Standard Addition Method
Considering a situation that the bio-oil sample may have a matrix 
effect, which may also contribute to the analytical signals and affect 
the results, the standard addition method was used for quantitation 
and comparison to further evaluate the effectiveness and impact 
of the current calibration curve approach.
Experimentally, the chromatogram of the diluted pine bio-oil 
was recorded first. Then, a known and different amounts of each 
standard of interest (10 standards were tested) were added and all 
were diluted to the same volume as the blank one. The samples 
were tested under the same GC–MS conditions and the chroma-
togram was recorded. Based on the increase in the peak area and 
the results plotted, the original concentration of 10 compounds 
in bio-oil can be computed, which were designated as the actual 
concentration. The calculating concentration of 10 compounds was 
obtained based on the chromatogram of the original diluted pine 
bio-oil and the established external standard calibration curves. 
Comparison of actual concentration and calculating concentration 
of 10 compounds and the resulted relative error were listed in Table 
S1 in Supplementary Material, from which thorough investigation 
of the influence of the methodology on the quantitation results 
was available.
results
Qualitative analysis and Quantitative approach
Although new approaches for analysis and characterization of 
the composition and structure of bio-oils are still being explored, 
especially for the relatively heavy components, such as dimers or 
trimers, it has reached a consensus that the main components of 
bio-oil is a variety of small molecules with oxygen-containing func-
tional groups such as aldehydes, ketones, carboxylic acids, furans, 
phenols, dehydration carbohydrates, etc. (Dobele et  al., 2007; 
Hyeon et al., 2010). Figure 1 shows the total ion chromatogram 
of bio-oil from pine pyrolysis at 520°C, and the main compositions 
(peak area percentage >1%) corresponding labels in Figure 1 were 
identified by computer matching and listed in Table 2.
From the qualitative analysis results, it could be seen that acetic 
acid is the principal acidic components of bio-oil, and furfural and 
furfuralcohol are major furans products. Ketones mainly com-
posed of 1-hydroxy-2-propanone and a large number of cyclopen-
tanones and cyclopentadiones. Levoglucosan, a typical pyrolysis 
product from cellulose pyrolysis, represents incomplete cracking 
of carbohydrates. A large number of methylated or methoxylated 
phenolic compounds that derived from lignin pyrolysis were also 
detected, such as 2-methoxy-phenol, 2-methoxy-4-methyl-phenol, 
2-methoxy-4-vinylphenol, eugenol, vanillin, etc. and each of them 
occupies a relatively large percentage.
TaBle 2 | identification of the main components (peak area >1%).
Peak rT/min library iD Formula Mw area/%
1 8.053 1-hydroxy-2-propanone C3H6O2 74 4.947
2 10.706 Butanedial C4H6O2 86 1.361
3 11.259 Acetic acid C2H4O2 60 5.679
4 11.474 Furfural C5H4O2 96 2.231
5 17.934 1,2-cyclopentanedione C5H6O2 98 3.320
6 18.868 3-methyl-1,2-cyclopentanedione C6H8O2 112 2.516
7 19.384 2-methoxy-phenol C7H8O2 124 3.338
8 20.780 2-methoxy-4-methyl-phenol C8H10O2 138 4.621
9 21.784 4-ethyl-2-methoxy-phenol C9H12O2 152 1.862
10 22.487 4-ethyl-phenol C8H10O 122 1.049
11 23.518 Eugenol C10H12O2 164 1.959
12 23.878 2-methoxy-4-vinylphenol C9H10O2 150 3.793
13 24.582 (Z)-isoeugenol C10H12O2 164 3.141
14 25.613 (E)-isoeugenol C10H12O2 164 5.897
15 26.397 4-hydroxy-3- 
methoxycinnamaldehyde
C10H10O3 178 2.556
16 27.283 5-hydroxymethylfurfural C6H6O3 126 2.573
17 27.992 Vanillin C8H8O3 152 2.944
18 28.427 2-methoxy-4-propyl-phenol C10H14O2 166 1.777
19 28.883 3-methoxy-4-hydroxyacetophenone C9H10O3 166 2.040
20 35.220 4-hydroxy-3-methoxy- 
benzeneacetic acid
C9H10O4 182 2.091
21 36.734 Levoglucosan C6H10O5 162 8.943
FigUre 2 | chemical composition of bio-oils from different feedstock 
pyrolysis.
June 2015 | Volume 3 | Article 285
Lyu et al. Quantitative characterization bio-oil
Frontiers in Energy Research | www.frontiersin.org
Based on an overall consideration of the qualitative results of 
bio-oils from different raw materials pyrolysis, 19 compounds that 
presented abundantly were identified and selected as standards, 
i.e., 1-hydroxy-2-propanone, acetic acid, furfural, 2-furanmetha-
nol, 5-hydroxymethylfurfural, 3-methyl-1,2-cyclopentanedione, 
phenol, 3-methyl-phenol, 4-methyl-phenol, 2-methoxy-phenol, 
2-methoxy-4-methyl-phenol, 4-ethyl-phenol, eugenol, (E)-
isoeugenol, vanillin, 1,2-benzenediol, 3-methyl-1,2-benzenediol, 
2,3-dihydro-benzofuran, and levoglucosan. The standard curves 
results show that at the concentration range of the first four 
standard solutions, i.e., from 40 to 1000 μg mL−1, calibration lines 
of each compound was excellent linear correlation (R2 ≥ 0.992). 
While the concentration of the standard was above 2000 μg mL−1, 
the calibration lines of some compound began to seem like quad-
ratic polynomial. So the concentration range of 40–1000 μg mL−1 
was used to prepare the injection samples to ensure the accuracy 
of the quantification.
FigUre 1 | Total ion chromatogram of bio-oil from pine pyrolysis at 
520°c.
There was a big difference in the coefficient of linear calibration 
curve of different compounds (see Figure S1 in Supplementary 
Material), showing the differences of quantitative correction factor 
from the chromatogram concept, such as that of 1-hydroxy-2-pro-
panone, furfural, and phenol. Therefore, for chemical quantitation 
of bio-oil compositions, it might be necessary to calibrate the chro-
matographic systems by preparing standard solutions with as many 
of known standard compounds as possible. On the other hand, the 
linear coefficient of the standard compounds with similar structure 
and chemical properties had little difference, 2-methoxy-phenol 
and 2-methoxy-4-methyl-phenol, for example. This provides the 
basis of quantitation of other bio-oil components by using selected 
compound as internal standards.
effect of Biomass Feedstock
After a large number of fluidized-bed pyrolysis experiments and 
the corresponding process adjustment and optimization, the 
bio-oils from bagasse, corncob, spruce, and pine pyrolysis that 
with the maximum yield at 500, 520, 520, and 520°C, respectively, 
were qualitatively and quantitatively analyzed and compared. The 
content comparison of bio-oils from different feedstock is shown 
in Figure 2. The identification and quantitation results of each 
single component are listed in Table S2 in Supplementary Material.
It can be seen from the results that the total lightweight organic 
components quantified by gas chromatography were 10–20 wt.% 
(yields always expressed as percent of the bio-oil mass). Among 
these, bio-oils from grasses material pyrolysis contain relatively low 
organic content, while that of spruce and pine pyrolysis oils have 
higher organic content. These differences in both major categories 
and each single compound content of the bio-oils may attribute to 
the differences in chemical composition and structure of the biomass 
feedstocks (Akwasi et  al., 2008; Lv and Wu, 2012). Herbaceous 
biomass generally contains more hemicellulose and less lignin than 
woody biomass, resulting in more non-condensable gaseous prod-
ucts. In addition, the mineral matter of biomass, in combination with 
the organic composition, plays an important role in pyrolysis product 
yields and distribution (Raveendran et al., 1995). Higher mineral 
FigUre 3 | Distribution of phenols in the different bio-oils.
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salts (ash content) may accelerate secondary depolymerization of 
pyrolysis volatiles and lead to the formation of low molecular gas 
species (Pushkaraj et al., 2010). Thus, the over yields of GC-detectable 
products from corncob and bagasse pyrolysis bio-oil were lower than 
that of spruce and pine.
On the whole of Figure 2, the major categories of four kinds 
of bio-oils were acids, ketones, phenols, and furans, followed by 
anhydrosugars, while alcohols, aldehydes, and esters were relatively 
low. The major organic acid was acetic acid, and it usually possessed 
the largest share. Bagasse bio-oil had the highest acetic acid content 
of 4.8 wt.% (Table S2 in Supplementary Material), while acetic acid 
content of spruce and pine pyrolysis oil was relatively low, around 
2.3 wt.%. It has been accepted that the formation of acetic acid 
was mainly due to the breakage and removal of acetyl groups that 
originally linked to the xylose unit on C-2 position, and second, 
attributed to the ring-scission of uronic acid residues after the 
elimination of the carbonyl and O-methyl groups (Lv et al., 2010). 
Therefore, the differences in the content and the chemical structure 
of hemicellulose are the main cause of differences in acetic acid 
content of bio-oil. It had been noted that the acetyl content of 
softwood was about 1%, while that of hardwood and grasses was 
between 3 and 6% (Badal, 2003). The acetyl content of bagasse 
and corncob was higher than that of spruce and pine, resulting in 
higher acid content in pyrolysis bio-oil.
All the four feedstocks pyrolysis produced a large proportion 
of ketones, of which the total content was about 3–4.5 wt.%. And 
among these, 1-hydroxy-2-propanone has the highest yield and 
could reach up to 2.2 wt.%. The formation of small molecule ketones 
was complicated, while the cyclopentanones and cyclopentenones, 
whose molecular weight were a little larger, were mainly originated 
from the decomposition of sugar units and then recombination 
of the opened bonds. All these ketones could be derived from the 
pyrolysis of either cellulose and/or hemicellulose.
Furans, a common class of substances in bio-oil, can be attributed 
mainly to holocellulose decomposition. Although both cellulose 
and hemicellulose pyrolysis can produce furan compounds, our 
previous work has shown that hemicellulose definitely makes the 
greatest contribution to the formation of furfural while cellulose 
is more dedicated to the products of hydroxymethylfurfural and 
2-furylmethanol (Lv et al., 2013). From the quantitative results, 
corncob pyrolysis oil has the highest content of furfural (0.5 wt.%), 
which is due to the highest hemicellulose content in corncob. The 
most abundance of 2-furylmethanol and hydroxymethylfurfural 
appeared in pine pyrolysis oil.
The identified and quantified anhydrosugar compounds were 
mainly levoglucosan and its dehydration or isomeric forms, which 
were generated from the direct decomposition of cellulose. The 
levoglucosan yield was ranging from 0.3 to 4.2 wt.% depending on 
the type of feedstock, among which corncob pyrolysis oil occupies 
the lowest and pine pyrolysis oil takes up the highest.
A considerable amount of alkylated, oxyalkylated phenols, which 
is mainly formed by the fracture of ether linkages and C–C bonds 
contained in the side chains of the lignin polymer, occupies a large 
proportion of the bio-oil, especially for wood feedstock. The total 
phenols yields of spruce and pine bio-oil were 5.1 and 4.7 wt.%, 
respectively, while corncob and bagasse bio-oils had relatively low 
content of phenolic compounds, i.e., 1.8 and 0.6 wt.%, respectively. 
The type and content of phenolic compounds in bio-oil were rel-
evant to the content of lignin and its structural characteristics of 
the biomass feedstock. Based on its structural features, the phenolic 
compounds can be further divided into G-phenols (derived from 
guaiacyl), S-phenols (derived from syringyl), and H-phenols 
(derived from p-hydroxyphenyl) (Table S2 in Supplementary 
Material). The dependence of lignin subunits distribution from 
different feedstocks on phenols was illustrated in Figure 3.
It could be seen from Figure 3 that the phenolic compounds 
in spruce and pine pyrolysis bio-oils were mainly G-phenols, each 
account for more than 80% of the total phenols with major con-
tributions from 2-methoxy-phenol, 2-methoxy 4-methyl-phenol, 
2-methoxy-4-vinylphenol, isoeugenol, etc. This may be because 
of the softwood lignin that almost exclusively contains G-units. 
On the other hand, grasses lignin also contains more syringyl 
and p-hydroxyphenyl structural units than softwood lignin. This 
explains the phenomenon that e bagasse and corncob bio-oil 
contained a small amount of S-phenols while spruce and pine 
bio-oils were not.
effect of Temperature
Although the fast-pyrolysis tests of four kinds of feedstocks have 
been executed for reactor temperatures in the range 480–580°C, in 
view of the large amount of data involved, the current work only 
chose pine as raw material for discussion of the effect of pyrolysis 
temperature on the composition distribution of bio-oils. The total 
yields and the trends of the lumped component classes, which 
have been grouped as AAE (alcohols, aldehydes, and esters), acids, 
furans, ketones, phenols, and anhydrosugars, were given in Figure 4. 
The details of the classification of 55 compounds and each single 
compound yield were listed in Table S3 in Supplementary Material.
As showed in Figure 4, the total yields of 55 chemical com-
pounds quantified by GC–MS first increased and then decreased 
gradually with increasing temperature, with the maximum value 
emerged at 550°C, which correspond to 22.0 wt.% of the bio-oils. 
Among these, the most abundant species are hydroxypropanone 
(1.9–2.5 wt.%), acetic acid (2.1–3.3 wt.%), furfural (0.4–0.5 wt.%), 
5-hydroxymethyl furfural (0.4–0.7 wt.%), 2-methoxy-4-methyl-
phenol (0.2–0.8  wt.%), (E)-isoeugenol (0.2–1.1  wt.%), and 
FigUre 4 | influence of temperature on the lumped classes of pine 
pyrolysis bio-oils.
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levoglucosan (0.4–4.2 wt.%). By varying the pyrolysis temperature 
(480–580°C), the content of small molecule aldehydes, acids 
showed an increasing trend as temperature increased, while the 
phenols content decreased gradually from 5.5 to 3.9 wt.%. The 
yields of furans, ketones, and anhydrosugars varying as a func-
tion of pyrolysis temperature were similar to that of the total 
compounds, with the maximum yield of 2.6, 4.9, and 4.5 wt.%, 
respectively, emerged at either 520 or 550°C.
Figures 5A,B show the major carbohydrates derived compounds 
as functions of the pyrolysis temperature, including several major 
acids, aldehydes, ketones, and anhydrosugars. It could be seen 
that the yields of relatively larger molecular weight compounds, 
such as levoglucosan, 1,2-cyclopentanedione, 3-methyl-1,2-cyclo-
pentanedione, etc. were first increased and then decreased with 
the maximum value at about 520–550°C, while that of the lower 
molecular compounds, such as acetic acid, butanedial, 2,3-butan-
edione, showed a continuous increasing trend with temperature 
elevated. This proved that as temperature increased, the relatively 
larger molecular furanones, cyclopentanones, and cyclopentenones 
in hemicellulose and cellulose were prone to bond breaking and 
reforming to generate lower molecular furan ring or cyclopen-
tanone structures (Patrick and Paul, 1996; Kawamoto et al., 2009). 
It was worth noting that there was a big difference in the content of 
levoglucosan under different pyrolysis conditions by using different 
feedstocks. The content of levoglucosan in the bio-oils from bagasse, 
corncob, and spruce pyrolysis was between 0.3 and 0.9 wt.% in our 
previous work, while the pine pyrolysis oil contained much higher 
levoglucosan, which could reach up to 4 wt.%. This may be related 
to the different content of salts and metal ions in the feedstock. 
It has also been reported that the reaction paths of levoglucosan 
were highly dominated by the ash content. High content of salts 
and metal ions in feedstock were confirmed to favor the secondary 
decomposition of levoglucosan and further generation of small 
molecule aldehydes and ketones (Shen and Gu, 2009).
Figure 5C gives the details of the yields of major furans varied 
with temperature. It can be observed that, pyrolysis temperature 
had a positive impact on the formation of furfural, i.e., its content 
showed an increasing trend with the increase of temperature. 
While for 5-hydroxymethylfurfural, after a maximum yield of 
0.7  wt.% at 520°C was attained, as the temperature increased 
further, a sharp decrease in the amounts occurred because of its 
weak thermal stability and secondary vapor-phase degradation. 
This result confirms the hypothesis proposed by Shen and Gu 
(2009) that the furfural was produced from the secondary reaction 
of 5-hydroxymethylfurfural at high temperature, along with the 
formation of formaldehyde through the dehydroxymethylation 
reaction of the side chain of the furan ring.
Figures  5D,E show the H-phenols and G-phenols content 
varied as functions of pyrolysis temperature. Apparently, the 
temperature was indeed a critical parameter that affected not 
only the phenols yields but also the structure of phenolic com-
pounds. At low temperatures, lignin began to depolymerize to 
the products that maintained its monomeric structure as much 
as possible, for example, (E)-isoeugenol, 4-methylguaiacol, 
p-vinylguaiacol, etc. all got their maximum yields at 480°C 
(Figure 5D). While the temperature elevated, the side chains 
of these aromatics were further broken and the methoxy 
group was removed, thereby generating more H-phenols 
(Figure  5E). These confirmed that some guaiacols and 
syringols were intermediate species, which gave their decline 
at higher temperature, and occurred secondary degradation 
to further form H-phenols and small molecule gases.
effect of low-Temperature Pretreatment
As the physicochemical properties of the torrefied biomass and 
the resulting bio-oils were examined previously (Chang et  al., 
2012), our main attentions in this paper were then paid to the 
influence of the low-temperature pretreatment on the chemical 
composition changes of the staged pyrolysis bio-oils compared 
to that of direct pyrolysis, especially for the content variation of 
furfural, levoglucosan, and phenols products, which represented 
the typical pyrolysis products of hemicellulose, cellulose, and 
lignin, respectively. Currently, only the staged pyrolysis of pine was 
discussed because of space limitation. Torrefaction experiments 
of pine were performed in an auger reactor at 260, 280, 300, and 
320°C, separately; the resulting torrefied pine was used as feedstock 
for flash pyrolysis in fluidized-bed reactor at moderate temperature 
of 520°C. The obtained bio-oils were analyzed and compared. 
Determination of each single product was listed in Table S4 in 
Supplementary Material. The yields of various types of products 
compared to that of direct pyrolysis were plotted in Figure 6.
From Figure 6 and Table S4 in Supplementary Material, it 
could be seen that, the low-temperature pretreatment or low-
temperature torrefaction of biomass had a good enrichment 
for the light weight components of the bio-oils compared with 
the direct pyrolysis. The total yield of the chromatographic 
quantitative component was improved by 50–90%, i.e., reached 
to 31–38 wt.% based on the weight of the obtained bio-oils. The 
main categories of compounds such as phenols, ketones, furans, 
and anhydrosugars were all greatly improved. This is mainly due 
to the low-temperature pretreatment that removed most of the 
free water and partially bound water in the pine raw material, and 
the hemicellulose degraded to varying degrees depending on the 
FigUre 5 | influence of temperature on the yield of (a) major carbohydrates, (B) minor carbohydrates, (c) furans, (D) h-phenols, and (e) g-phenols 
of pine pyrolysis bio-oils.
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treatment temperature, generating a small amount of methanol, 
acetic acid, 1-hyroxy-2-propanone, etc. Thus, the physicochemi-
cal properties of the raw material were improved after treatment. 
When the torrefied feedstock was further pyrolyzed, the water 
content of the obtained bio-oil decreased sharply, resulting in 
the increase of major organic chemicals content (Bourgois and 
Guyonnet, 1988). In addition, the decomposition of cellulose and 
lignin in torrefied biomass that was accelerated and deepened by 
torrefaction treatment was the most predominant reason for the 
enrichment of bio-oil components (Wu et al., 2010). On the other 
hand, the major components of bio-oil were not always increased 
linearly as the pretreatment increased further. For example, the 
total yield of low weight chemicals of bio-oil obtained by staged 
pyrolysis that torrefied first at 320°C was lower than that of 
pretreated at 300°C. Among them, the aldehydes, esters, ketones, 
acids, and furans compounds have similar trend as pretreatment 
temperature elevated. Higher pretreatment temperature may 
lead to the excessive depolymerization of the biomass feedstock 
and the resulted torrefied biomass component condensation or 
crosslinking, resulting in the decreased yield of bio-oil, and even 
the reduced content of the main compounds (Dobele et al., 2007).
Figure 7 provides the influence of pretreatment temperature on 
the yields of major compounds. Figures 7A,B show the effect on 
the yields of major carbohydrates derived products. It can be seen 
that higher pretreatment temperature has a positive impact on the 
yield of levoglucosan, and its increment was more obvious with 
the increase of pretreatment temperature. Compared with direct 
pyrolysis, LG content in the bio-oil obtained after pretreatment 
at 320°C increased about 60%, i.e., reached up to 6.7 wt.% of the 
total bio-oil.
FigUre 6 | chemical composition of pine bio-oil from direct and 
staged pyrolysis (staged 1, 2, 3, and 4 were representative of 
pretreatment temperature of 260, 280, 300, and 320°c, respectively, 
before pyrolysis in fluidized-bed reactor at 520°c).
FigUre 7 | influence of pretreatment temperature on the yields of (a) 
major carbohydrates, (B) minor carbohydrates, (c) furans, (D) 
h-phenols, and (e) g-phenols of pine pyrolysis bio-oils (staged 1, 2, 3, 
and 4 were representative of pretreatment temperature of 260, 280, 
300, and 320°c, respectively, before pyrolysis in fluidized-bed reactor 
at 520°c).
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The acids, especially acetic acid, increased after low-temperature 
treatment; while the pretreatment temperature was higher than 
280°C, the acids began to decrease. There are similar trends for the 
products such as 1-hydroxy-2-propanone, butanedial, 1-hydroxy-
2-butanone, etc., i.e., all got maximum yield when the pretreatment 
temperature was 280°C. This explains why the pH value of the 
staged pyrolysis bio-oil showed no increase or increased marginally 
compared to that by direct pyrolysis. The staged pyrolysis makes 
the water content of the bio-oil decreased because of torrefaction 
of biomass feedstock, thus all kinds of compounds, such as acetic 
acid, etc. were enriched to some extent.
Figure  7C shows the yields of furans varied with pretreat-
ment temperature. As expected, furans products in the staged 
pyrolysis bio-oils such as furfural, 5-hydroxymethylfurfural, 
2-furanmethanol, etc. also had a significant increase because of 
the low-temperature torrefaction. Wherein, the furfural got the 
maximum content of 0.7 wt.% when the pine was pretreated at 
280°C first, while 5-hydroxymethylfurfural and 2-furanmethanol 
obtained the maximum increase when pretreated at 300°C, which 
accounted for 1.0 and 0.4 wt.%, respectively.
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Figures  7D,E show the influence of staged pyrolysis on the 
yields of major H-phenols and G-phenols. With a low-temperature 
torrefaction, the phenolic compounds in the obtained bio-oils were 
greatly increased, and most of the phenols yields can be increased 
one to two times, such as guaiacol, 4-methylguaiacol, phenol, 
1,2-benzenediol, etc. This was because the chemical composition 
of the biomass changed during torrefaction. When pretreated at 
low-temperature, primarily hemicellulose and even small amount 
of cellulose may be degraded to some extent depending on the 
temperature used, while the thermal stability of lignin was relatively 
higher and was rarely depolymerized (de Wild et al., 2009). Thus, 
the chemical composition of the resulting torrefied biomass was 
changed and the lignin content was increased, which further result-
ing in an increase of phenols yields in the staged pyrolysis bio-oils.
Discussion
The prior arts relating to bio-oil component quantification were 
more inclined to employ the internal standard method. Even this 
can reduce the workload to a certain extent, but it also may lead 
to large quantitative differences between different laboratories. 
Actually, finding a suitable internal standard for accurate chro-
matographic quantitative bio-oil components is difficult since the 
composition of bio-oil is so complex. So, proper standard solutions 
with known amounts of compounds need to be used for accurate 
quantitative analyses, especially for accurate quantification of the 
major compositions of the bio-oils. By comparing the coefficient 
of linear calibration curve of different compounds (Figure S1 
in Supplementary Material), we found it necessary to calibrate 
the chromatographic systems with as many of known standard 
compounds as possible, while for the compounds with similar 
structure and chemical properties, their approximate linear coef-
ficient makes it possible to be roughly calculated.
The comparison of our results obtained from the present 
methodology with that of elaborate standard addition method 
shows that most of our present experimental results were slightly 
lower than its actual yields due to the matrix effects of complex 
bio-oil (see Table S1 in Supplementary Material). In spite of this, 
the relative error of present quantitation was usually <5% except 
for vanillin and 1,2-benzenediol. This proves that the quantitation 
method here could easily provide us more accurate quantitative 
information about bio-oil components once we establish plenty 
of external standard curves.
According to the methodological steps, yields up to 40% (wt.% 
of the bio-oil) can be quantified; more over, the effects of pyrolysis 
conditions on the yields of different lightweight chemical families 
were easier and more realistically revealed. The overall yields of 
GC-detectable products from corncob and bagasse pyrolysis 
bio-oil were lower than that of spruce and pine, which should be 
mainly attributed to the more mineral salts, hemicellulose while 
less lignin content in grasses biomass than in woody biomass. 
These are more in line with commonly accepted expectations and 
published reports (Raveendran et al., 1995; Pushkaraj et al., 2010).
The influence of temperature on product distribution profiles as 
depicted in Figures 4 and 5 can give us optimal pyrolysis tempera-
tures for maximum yields of each chemical families and individual 
components. Varies in the effect of temperatures confirmed the 
occurrence of secondary reactions during biomass pyrolysis. 
Higher temperature makes the relatively larger molecular furans, 
cyclopentanones, and phenols further bond breaking and reform-
ing to similar kinds while simpler compounds, such as 5-hydroxy-
methylfurfural to furfural, G-phenols and S-phenols to H-phenols, 
accompanied by the generation of small molecule aldehydes, acids, 
etc. One thing we have to keep in mind is, when further extending 
the residence time at high temperature, the repolycondensation of 
pyrolysis products may dominate the secondary reactions. Future 
direction of characterizing heavy components of bio-oils will help 
to confirm these postulate theories.
As speculated, the observation also revealed that low-tem-
perature pretreatment of biomass had a good enrichment effect 
for the light weight components of the bio-oils. The total yield of 
the chromatographic quantitative component was improved by 
50–90%. It is rationalized as the low-temperature pretreatment 
removed most of the free water and partially bound water in the raw 
material. However, the deep-seated root cause of these enrichment 
effects has yet to be explored by mechanism investigation of staged 
pyrolysis of model compounds.
conclusion
The knowledge of quantitative chemical characterization of bio-
oils is valuable for designing pyrolysis reaction and evaluating 
its strategic importance as an extended range of applicable fuels 
and chemicals. To this end, 19 kinds of standard compounds (i.e., 
major components of bio-oil) were used as external standard for 
quantification, and standard addition method was further used 
to evaluate the effectiveness and impact of the current calibration 
curve approach. Consequently, this methodology was adopted for 
a new campaign to quantify lightweight components of bio-oils 
obtained under a wide range of pyrolysis parameters. The results 
showed more than 50 compounds and yield up to 40% (wt.% of 
the bio-oil) can be quantified by the present method. Yields of each 
chemical families and individual component correlate strongly 
with the original feedstocks and pyrolysis temperatures. In addi-
tion, the low-temperature pretreatment of biomass has a good 
enrichment for the light weight components of the bio-oils, which 
the total yield was improved by 50–90% depending on pretreat-
ment temperature. The final data set of the obtained results will 
be used as the basis for tuning pyrolysis conditions and exploring 
proper utilization of different bio-oils.
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